Citation: CPT Pharmacometrics Syst. Pharmacol. (2018) 7, 718-727; doi:

ARTICLE

Population Pharmacokinetics and Exploratory Exposure-
Response Relationships of Diazepam in Children Treated
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Diazepam is labeled for status epilepticus (SE) in children, but there are limited data characterizing its disposition in pediat-
ric patients. We developed a population pharmacokinetic (PK) model of i.v. diazepam in children with SE. We evaluated rela-
tionships between PK parameters and both safety and efficacy, and simulated exposures using dosing regimens from the
product label and clinical practice. The model was developed using prospective data from a pediatric clinical trial comparing
diazepam to lorazepam for treatment of SE. Altogether, 87 patients aged > 3 months to < 18 years contributed 162 diazepam
concentrations. Diazepam PKs were well characterized by a two-compartment model scaled by body size. No significant or
clinically important relationships were observed between diazepam PKs and safety or efficacy. Simulations demonstrated
that, compared with label dosing, the study dose (0.2 mg/kg i.v., maximum 8 mg) resulted in greater frequency in rapidly
achieving the target therapeutic range of 200—-600 ng/mL.
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WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Diazepam is approved to treat status epilepticus in
children, but data on its disposition in pediatric patients
are limited.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study aimed to characterize diazepam PKs,
safety, and efficacy and to evaluate different dosing regi-
mens in children with SE.

Status epilepticus (SE) is a medical emergency character-
ized by prolonged or repeated seizures." In developed coun-
tries, 17-23 per 100,000 children per year will experience an
episode of SE.2 Mortality from uncontrolled SE can be as
high as 8%, morbidity as high as 34%, and among survivors

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The PKs of diazepam was well characterized by a two-
compartment model scaling for body size using weight.
Simulations demonstrated that doses recommended by
expert opinion achieved therapeutic concentrations more
frequently than doses recommended by the product label
after a single i.v. dose.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

An initial weight-based i.v. diazepam dose may be pre-
ferred over the product label recommended fixed dose in
order to achieve adequate exposure when treating chil-
dren with SE.

long-term consequences include both epilepsy as well as
permanent motor deficits, learning difficulties, and behavior
problems.® Because prolonged SE is associated with greater
risk for neuronal injury and difficulty in controlling future sei-
zure activity, timely and effective management is critical.*

aSee Appendix for the Best Pharmaceuticals for Children Act — Pediatric Trials Network Steering Committee.
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One of the most widely used antiepileptic drugs for the
acute management of SE in pediatric patients is the ben-
zodiazepine diazepam.1 Although diazepam is efficacious in
the treatment of pediatric SE, there are limited data charac-
terizing the pharmacokinetics (PKs) of diazepam in pediat-
ric patients.>® Identifying the optimal dose of diazepam for
pediatric SE is crucial as rapid reversal of seizures is essen-
tial, and benzodiazepines may cause serious side effects,
most importantly respiratory depression and respiratory
failure."” Diazepam undergoes cytochrome P450 (CYP)-
dependent hepatic metabolism where it is converted by
demethylation and hydroxylation to its active metabolite N-
desmethyldiazepam.®'° Diazepam’s metabolism is predom-
inantly dependent on the enzymes CYP3A4 and CYP2C19,
both of which have low expression at birth and gradually
increase with age.®'"'2 Additionally, infants demonstrate re-
duced clearance of diazepam compared with adults, which
is attributed to their decreased capacity to hydroxylate di-
azepam.®'3 Due to these potential differences in diazepam
metabolism between pediatric and adult patients, clinical PK
studies characterizing the disposition of diazepam in pedi-
atric patients with SE may result in optimized dosing and
improved outcomes of pediatric SE.

Currently, diazepam is approved for pediatric use by the
US Food and Drug Administration (FDA) for the treatment
of SE in children older than 1 month.” However, the FDA-
approved product label recommends a range of flat doses
varying by age, which contrasts with weight-based dosing
that is recommended by expert opinion in published guide-
lines and used commonly in clinical practice.”' To date,
there have been no published studies comparing diazepam
exposure resulting from product label recommended doses
to standard of care dosing regimens in pediatrics subjects
with SE. We leveraged previously unpublished PK data from
a clinical trial of pediatric SE to characterize the PKs of di-
azepam in children.® The objectives of this study were as
follows: (i) develop a population PK model for diazepam in
infants and children ages > 3 months to < 18 years of age;
(i) evaluate the exposure-response and exposure-toxicity
relationships of i.v. diazepam in children treated with weight-
based dosing with SE; and (iii) simulate and compare expo-
sures resulting from product label flat age-based dosing vs.
clinical practice weight-based dosing regimens.

METHODS

Study design

PK samples providing diazepam exposure data for this
analysis were obtained prospectively in a multicenter,
double-blind, randomized clinical trial comparing the effi-
cacy and safety of i.v. lorazepam to i.v. diazepam in children
treated in the emergency department (ED) for generalized
convulsive SE (NCT00621478, IND #79,010), described
previously.6 Children ages > 3 months to < 18 years from
11 large academic pediatric hospitals in the United States
were eligible if they presented to the ED with generalized
tonic-clonic SE. Patients were excluded for the following
reasons: known pregnancy; hypotensive shock; significant
cardiac dysrhythmia; need for emergent surgery and gen-
eral anesthesia; known contraindication to benzodiazepine
use; or benzodiazepine use within 7 days of presentation.
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Patients were enrolled using the Exception from Informed
Consent for Emergency Research, 21 CFR 50.24, which al-
lows emergency research without prior consent under lim-
ited conditions given additional protections for maximizing
the well-being of pa’fients.15 After patients were stabilized,
written informed consent was obtained for continued par-
ticipation. This study design was approved by the FDA, the
study sponsor (Eunice Kennedy Shriver National Institute of
Child Health and Human Development (NICHD)), an external
expert ethics advisory panel, and was conducted in accor-
dance with the ethical standards of the institutional review
boards of all participating hospitals and with the Helsinki
Declaration.®

Patients randomized in the clinical trial to receive diaz-
epam received an initial i.v. diazepam dose of 0.2 mg/kg
(maximum 8 mg) by slow push over 1 minute. Patients who
continued to have convulsions received a second dose of
0.1 mg/kg (maximum 4 mg). Rescue treatment with phe-
nytoin, fosphenytoin, or phenobarbital was permitted at
12 minutes in patients with refractory SE. Maintenance an-
ticonvulsant medications were started at 15 minutes and
20 minutes after the first study dose for patients who had
cessation of convulsions after the first and second study
doses, respectively.® This study used sparse PK sampling,
which included up to 3 samples within 48 hours after the
first diazepam dose. Further information regarding the PK
sampling and bioanalytical assay for diazepam is included
in Supplementary Information S1.

Population PK analysis

PK data were analyzed with a nonlinear mixed effects mod-
eling approach using the software NONMEM version 7.2
(Icon Development Solutions, Ellicott City, MD). Run man-
agement was performed using Pirana version 2.8.1."° Visual
predictive checks (VPCs) and bootstrap methods were per-
formed with Perl-speaks-NONMEM version 3.6.2." Data
manipulation and visualization were performed using Stata
13.1 (StataCorp LP, College Station, TX), R version 3.0.2 (R
Foundation for Statistical Computing, Vienna, Austria), and
RStudio version 0.97.551 (RStudio, Boston, MA), with the
packages lattice, Xpose, and ggplot2 used for data visual-
ization.'®2° The first-order conditional estimation method
with interaction was used for all model runs.

Both one-compartment and two-compartment structural
PK models were evaluated, and interindividual variability
(IIV) was assessed for PK parameters using an exponential
model. Proportional and combined (proportional plus ad-
ditive) residual error models were evaluated. An allometric
scale based on total body weight (WT) was used, and a sin-
gle exponential value was assumed for all clearance terms
and a different single exponential value was assumed for
all volume terms. The effect of fixing these exponents to
standard literature values as well as estimating them was
evaluated.?'??

The potential effects of clinical covariates on PK parame-
ters were evaluated if a relationship was suggested by visual
inspection of scatter and box plots (continuous and categor-
ical variables, respectively) of the ETA plots of the IIVs for the
PK parameters against the following covariates: age, blood
urea nitrogen, serum creatinine (SCR), alanine transaminase
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(ALT), aspartate transaminase (AST), and hematocrit, sex,
race, and ethnicity. Continuous covariates, except for WT,
were normalized to the population median and evaluated
using both linear and power relationships. Covariate test-
ing was performed using a forward inclusion with backward
elimination approach. During the forward inclusion process,
covariates that reduced the objective function value by
> 3.84 (P < 0.05) were retained for the subsequent multivari-
able analyses. Retention of the covariate in the final model
occurred only if removal of the covariate reduced the objec-
tive function value by > 6.63 (P < 0.01). Missing covariate
values were imputed using the last value carried forward.
When no values were available, missing covariate values
were imputed using the study population median value.

Model evaluation

Successful minimization, goodness-of-fit plots, precision of
parameter estimates, bootstrap procedures, and VPCs were
used to evaluate model appropriateness. Nonparametric
bootstrapping was used to evaluate the precision of final
PK parameter estimates using 1,000 replicates to generate
the 95% confidence intervals. A VPC was performed using
the final model by generating 1,000 Monte Carlo simulation
replicates and quantifying the number of observed study
concentrations outside the 90% prediction interval.

Assessment of relationships between PK parameters
and efficacy or safety end points

Both Wilcoxon rank-sum tests and multivariable logistic
regression was performed to assess the relationship be-
tween PK parameters and both efficacy and safety. Further
information regarding these comparisons is provided in
Supplementary Information S1.

Assessment of dose-exposure relationship

The final model was used to explore the dose-exposure
relationship. A target therapeutic range of 200-600 ng/mL
was used as the surrogate pharmacodynamic end points
based on literature-suggested therapeutic range for diaz-
epam."?%25 The individual empirical Bayesian estimates
generated using the post hoc subroutine from the final
model and doses used in the study were applied to predict
diazepam concentrations at 10 minutes after a single dose
of 0.2 mg/kg (maximum 8 mg). Dose-exposure relation-
ships were also evaluated using the product labeled dos-
ing, which recommends fixed i.v. doses of (i) 0.2-0.5 mg
every 2-5 minutes up to a maximum of 5 mg in infants over
30 days of age and children under 5 years, and (ii) 1 mg
every 2-5 minutes up to a maximum of 10 mg in children
5 years or older.

Monte Carlo simulations were used to simulate diazepam
concentrations for virtual patients using identical demo-
graphics data from all patients in the original clinical trial,
including patients originally randomized to the lorazepam
study arm. A total of 306 virtual patients were simulated to
match the exact number of subjects from the clinical trial.
For simulation of the study dosing regimen, a single i.v.
dose of 0.2 mg/kg (maximum 8 mg) was simulated. For the
product label dosing, simulations of the product label dos-
ing regimens were performed for single i.v. doses of both
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minimum and maximum amounts recommended per dose.
The percentage of simulated patients with concentrations
between 200 and 600 ng/mL at 10 minutes after a single
dose were calculated for both dosing regimens. Additionally,
a multiple-dose evaluation was performed by simulating re-
peated doses for the study, product label high, and product
label low dosing regimens. In these simulations, repeated
doses were simulated for each subject until either the simu-
lated maximum concentration (C_,,) > 200 ng/mL or a time
of 10 minutes after the first dose was reached. A timeframe
of 10 minutes was chosen as most clinicians would switch to
a rescue antiepileptic beyond this window, and also to align
with the primary efficacy end point from the original clinical
trial.® The percent of subjects with predicted Cnax = 200 ng/
mL, number of predicted doses per subject, and cumula-
tive predicted absolute diazepam dose were calculated and
compared across regimens.

RESULTS

Study population and PK specimens

Of 162 patients receiving diazepam, 75 were excluded from
the population PK analysis: 60 patients did not have any PK
samples collected, 14 patients were treated with diazepam
prior to arrival in the ED, and 1 patient did not have any
measurable diazepam concentrations. In the remaining 87
patients, the median (range) patient age was 3.9 years (0.4-
17.8). The majority of patients had values (median (range))
within the normal range for SCR (0.4 mg/dL (0.2-6.0)), ALT
(26 U/L (6-429)), and AST (42 U/L (17-1063)). Of 183 mea-
sured concentrations from these 87 patients, 15 (8%) were
below the quantifiable limit and were excluded. An addi-
tional 6 (3%) concentrations were excluded based on visual
inspection suggesting error in sampling collection and/or
timing of sample collection. Therefore, the final population
PK analysis included 87 patients with 162 concentrations
(Table 1). The median (range) number of samples per pa-
tient was 2 (1-4). The median (range) first diazepam dose
was 0.20 mg/kg (0.09-0.41); a total of 24 patients (28%) re-
ceived a second dose, and the median (range) second diaz-
epam dose was 0.10 mg/kg (0.083-0.50). The lower limit on
this range is a result of a single obese subject who received
the maximum absolute dose of diazepam. Two subjects re-
ceived higher weight-based doses than the study protocol
called for, and the reason for this is unknown to us.

Population PK model development

A two-compartment model and a proportional residual
error model achieved an improved fit of observed concen-
trations compared to a one-compartment model (difference
in objective function value (AOFV = -32)). Scaling of central
compartment clearance (CL), central compartment volume
of distribution (V1), intercompartmental clearance (Q), and
peripheral compartment volume of distribution (V2) param-
eters by WT using a fixed exponent allometric relationship
(CL, Q =0.75; V1, V2 = 1) significantly improved model fit
(AOFV = -81). Estimation of the exponents for the allome-
tric scale of both clearance and volume parameter was also
performed; however, this resulted in a significant increase
in the degree of shrinkage in the IV of clearance (from
28.1% to 99.7%), less reliable random effect estimates, and



Table 1 Baseline clinical data for children treated with diazepam (N = 87)

Age (years) 3.9 (0.4-17.8)
Weight (kg) 15 (5-89)
BUN (mg/dL) 10 (3-51)
SCR (mg/dL) 0.4 (0.2-6.0)
ALT (U/L) 26 (6-429)
AST (U/L) 42 (17-1063)
Hematocrit (%) 36.4 (29.4-47.2)
Age group -

3 months to < 3 years 39 (45)

3 years to < 13 years 38 (44)

13-18 years 10 (11)
Male 45 (52)
White race 49 (57)
Hispanic ethnicity 33 (38)

Values are medians (range) for continuous variables and number (%) for
categorical variables calculated based on values at the time of first study
dose.

ALT, alanine aminotransferase; AST aspartate aminotransferase; BUN,
blood urea nitrogen; SCR, serum creatinine.

no improvement in the diagnostics plots or parameter esti-
mates. Therefore, the remainder of the model development
used these fixed exponents, which is in line with previous
literature.2®

After scaling for body size based on a 70 kg standard-
ized adult weight, the univariate model-building process
showed that SCR, ALT, and AST on CL and ALT and AST
on V1 produced significant reductions in the OFV. However,
these changes in OFV were driven by three patients with
outlier SCR, ALT, and AST values. Furthermore, the magni-
tude of each of these covariates was relatively low (estimate
for linear covariate relationship < 0.2), and although these

Table 2 Final model parameter estimates and bootstrap results
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produced a statistically significant reduction in the OFV, in-
clusion of these covariates led to a minimal reduction in the
IV of model parameters and residual variability (< 10% co-
efficient of variation). Therefore, three outlier patients were
excluded from the covariate analysis. When these patients
were excluded, the reductions in OFV no longer reached sig-
nificance (Table S1). The base model with inclusion of WT
on all parameters was selected as the final model (Table 2).

A proportional residual error model was used to esti-
mate the unexplained residual error. A combined propor-
tional plus additive residual error model did not improve
model fit. Estimation of the IV for Q and V2 resulted in high
shrinkage values (> 50%) for CL, V1, and Q parameter esti-
mates. Therefore, IIV estimates of Q and V2 were fixed to 0.
Correlation between the 1IV estimates for CL and V1 using
a block structure was evaluated, but was unable to produce
convergence and, thus, was removed. The final model PK
code is provided in Code S1.

Model evaluation

The final two-compartment PK model well characterized
the study data. This is demonstrated by the agreement seen
between observations and model predictions (Figure 1a,b),
the normal distribution of residuals (Figure 1c,d), as well
as the low relative standard errors in final model PK pa-
rameter estimates, which ranged from 8-24% (Table 2).
Additionally, all parameter estimates fell near the median
and within the 95% confidence interval of the bootstrap re-
sults (Table 2). Goodness-of-fit plots showed no obvious
trends or model misspecification (Figure 1). A VPC per-
formed using the final model indicated agreement between
observed and predicted diazepam concentrations, with
11.1% (18/162) of observed concentrations falling outside
the 90% prediction interval (Figure 2). A VPC stratified by
age is provided in Figure S1.

Final model Bootstrap (n = 1,000)?
Parameter Estimate RSE (%) Shrinkage (%) 2.5th percentile Median 97.5th percentile
Structural model®
CL,gxg (L/hour) 2.36 8 - 1.84 2.26 2.69
V006 (L) 42 19 - 225 41.9 66.1
Qygxg (L/hour) 226 24 - 15.8 23.8 39.8
V2,0ka (L) 56.5 12 - 41.2 57.2 7241
Variance model®
IV (CL) 0.249 51 281 0.0266 0.206 0.431
IV (V1) 1.31 30 32.7 0.0594 1.21 2.20
v (@) 0 (FIX) - - - - -
IV (V2) 0 (FIX) - - - - -
Proportional error 0.132 32 19.0 0.0735 0.136 0.255

CL,okg» POPUlation clearance estimate scaled to a 70-kg adult; IV, interindividual variability; Q,,.q, Population intercompartmental clearance estimate scaled
to a 70-kg adult; V1,44, population central volume of distribution estimate scaled to a 70-kg adult; V2., population peripheral volume of distribution esti-

mate scaled to a 70-kg adult; RSE, relative standard error.

A total of 862 (86.2%) runs successfully minimized and 706 (70.6%) runs completed the covariance step. PFor the final model, the typical values for CL, V1,
Q, and V2 could be expressed as the following equations: CL = 2.36*(WT/70) ®7; V1 = 42*(weight (WT)/70); Q = 22.6*(WT/70) ®’®; and V2 = 56.5*(WT/70).clIV
terms are shown as variance; IV (CL), interindividual variability in drug clearance; 1V (V1), interindividual variability in central volume of distribution; IV (Q),
interindividual variability in intercompartmental drug clearance; IIV (V2), interindividual variability in peripheral volume of distribution.
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Figure 1 Diagnostic plots of final population pharmacokinetic model. Goodness-of-fit plots for the final model. (a) Observed vs.
population. (b) Observed vs. individual predictions. (c) Conditional weighted residuals vs. population predictions. (d) Conditional
weighted residuals vs. time in hours after first dose. For plots a and b, axes with concentration values are log scaled, the solid black
line represents the line of unity, and the dotted black line represents a regression line. For plots ¢ and d, the solid black line represents
the locally weighted scatterplot smoothing curve, and reference lines of y = 0 and + 2, and + 4 are provided.

Exposure-response relationship
Of the 87 patients, 79 were included in the primary efficacy
analysis and 87 patients were included in the safety analy-
sis. Among the included patients, 73% (58/79) achieved the
primary efficacy end point of cessation of SE for 10 min-
utes without recurrence within 30 minutes of initial dose
administration. Additionally, 14% (12/87) experienced life-
threatening respiratory depression requiring assisted ven-
tilation. The median (25th and 75th percentiles) first dose

CPT: Pharmacometrics & Systems Pharmacology

in participants who achieved and failed the primary effi-
cacy end point was 0.20 mg/kg (0.19-0.21) and 0.20 mg/
kg (0.19-0.21), respectively (P = 0.51). Twenty-eight percent

(24/87)

of subjects received a second dose. The median

(25th and 75th percentiles) second dose in participants
who achieved and failed the primary efficacy end point after
the first dose of study drug was 0.10 mg/kg (0.10-0.11) and
0.10 mg/kg (0.10-0.11), respectively (P = 0.15). There were
no statistically significant differences in PK parameters



Population PK Analysis of Diazepam in Children
Ku et al.

600

500 -

400 -

300 4

200 4

Diazepam concentration (ng/ml)

100

Time after last dose (hours)

Figure 2 Visual predictive check for the final population pharmacokinetic model based on 1,000 simulations. The open circles
represent the observed data, the dashed and solid lines represent the 5th, 50th, and 95th percentiles for the observed and simulated
data, respectively. The shaded region represents the 90% prediction interval based on 1,000 simulations.

(CL, V1, V2, steady-state volume of distribution (Vgg), C,,.
area under the concentration vs. time curve from zero to
infinity (AUC,__)) between study participants who achieved
and failed the primary efficacy and safety end points.
Multivariable logistic regression was performed for both the
primary efficacy and safety end points after the first and
second diazepam doses.

Simulations

Diazepam exposure for various single and multiple dose
regimens was simulated for rich sampling in the 306 partic-
ipants enrolled in the original trial. Overall, higher diazepam
concentrations at 10 minutes after dosing were predicted
by the study dosing regimen compared with the product
labeled dosing regimen (Figure 3). At 10 minutes after sim-
ulating a single i.v. diazepam dose of 0.2 mg/kg (maximum
8 mg), 184 patients (60%) had concentrations > 200 ng/
mL and 47 patients (15%) had concentrations > 600 ng/
mL. At 10 minutes after simulating a single i.v. maximum
product labeled dose, 15 patients (5%) had concentrations
> 200 ng/mL. At 10 minutes after a single i.v. minimum prod-
uct labeled dose was simulated, 7 (2%) had concentrations
> 200 ng/mL. Neither of the product labeled dose simula-
tions resulted in patients with concentrations > 600 ng/mL
at 10 minutes after dosing.

The multiple dose simulation results are shown in Table 3.
These results demonstrate that the product label high dose
resulted in a similar percentage of subjects with concentra-
tions > 200 ng/mL as the study dose (71% and 66%, re-
spectively). However, the median number of doses given per
subject until diazepam concentrations exceeded 200 ng/mL
or maximum dose was received was 6 in the product label
high regimen, compared with only 1 in the weight-based
study dose regimen. Additionally, these results reveal that

both the weight-based and the product label high regimens
significantly outperformed the product label low dosing reg-
imen, which only resulted in 28% of subjects with concen-
trations > 200 ng/mL.

DISCUSSION

Pediatric SE is a challenging clinical scenario requiring
rapid seizure control to avoid permanent and potentially
life-threatening neuronal damage.?” Current available liter-
ature describing PKs of diazepam in pediatric SE is scant,
and therefore optimal dosing of diazepam for the treatment
for pediatric SE remains unclear.™ The lack of PK analyses
of diazepam in pediatric SE is likely due to the emergent
nature of this condition, which makes obtaining informed
consent and performing blood sampling extremely diffi-
cult. Our study was made possible by leveraging PK data
obtained from a clinical trial evaluating the efficacy of di-
azepam for the treatment of pediatric SE in the ED.® This
clinical trial took advantage of the Exception from Informed
Consent for Emergency Research, 21 CFR 50.24, which
significantly enhanced recruitment. The use of this protocol
enabled PK sampling to be performed during the time of
active convulsions, which strengthened our ability to eval-
uate the relationships between diazepam PKs and safety
or efficacy end points in children with SE. Additionally, we
applied a population modeling approach, which allowed us
to utilize the limited PK sampling.

To date, this is the largest PK study of diazepam in pe-
diatric subjects with SE, and the first study to describe a
population PK model of diazepam in this patient population.
Diazepam PKs in 87 patients aged > 3 months to < 18 years
were well characterized by a two-compartment model
scaled by body size. The final model IIV estimates for both
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Figure 3 Results from Monte Carlo simulations of a single diazepam dose. Predicted diazepam concentrations at 10 minutes after a
single i.v. dose in simulated patients. Study dose: 0.2 mg/kg (maximum 8 mg); product label high dose: 0.5 mg in children 31 days to
< 5 years old and 1 mg in children > 5 years; product label low dose: 0.2 mg in children 31 days to < 5 years old and 1 mg in children
> 5 years. Horizontal dotted lines indicate the commonly accepted target therapeutic range of 200-600 ng/mL.

Table 3 Simulation results comparing study vs. product label dosing for first 10 minutes of seizure treatment

Subjects withC__ Subjects withC__ Doses per Cumulative Cumulative WT-

Dosing regimen N > 200 ng/mL, n (%) > 600 ng/mL, n (%) subject® absolute dose, mg? normalized dose, mg/kg®
Study® 306 216 (71) 47 (15) 1(1-2) 3.5 (2.2-5.5) 0.20 (0.20-0.30)

< 3years 148 109 (74) 23 (16) 1(1-2) 2.2 (1.8-3.0) 0.20 (0.20-0.30)
3-13 years 130 92(71) 20 (15) 1(1-2) 4.8 (3.8-6.6) 0.20 (0.20-0.30)
13-18 years 28 15 (54) 4 (14) 1(1-2) 8.0 (7.9-12) 0.20 (0.16-0.20)

Label high® 306 202 (66) 36 (12) 6 (5-6) 3.0 (2.5-6.0) 0.21 (0.15-0.28)

< 3 years 148 106 (72) 24 (16) 6 (4-6) 3.0 (2.0-3.0) 0.25 (0.20-0.30)
3-13 years 130 84 (65) 12 (9) 6 (5-6) 3.0 (3.0-6.0) 0.19 (0.13-0.24)
13-18 years 28 12 (43) 0 (0) 6 (6-6) 6.0 (6.0-6.0) 0.10 (0.08-0.15)

Label low? 306 86 (28) 6 (2) 3 (3-3) 0.6 (0.6-3.0) 0.06 (0.05-0.09)

<3 years 148 37 (25) 0(0) 3(3-3) 0.6 (0.6-0.6) 0.06 (0.05-0.07)
3-13 years 130 44 (34) 5(4) 3(3-3) 3.0 (0.6-3.0) 0.08 (0.04-0.12)
13-18 years 28 5(18) 1) 3(3-3) 3.0 (3.0-3.0) 0.05 (0.04-0.08)

Chax: Maximum simulated concentration; WT, body weight.

3Reported as median (25th and 75th percentile). °Subjects were dosed at 0.2 mg/kg (maximum 8 mg) i.v. push; if at 5 minutes after initial dose their simulated
C__. was < 200 ng/mL, subjects received a second dose of 0.1 mg/kg i.v. push (maximum 4 mg). “Subjects ages 30 days-5 years of age were dosed 0.5 mg

max

every 2 minutes until C__

was > 200 ng/mL; subjects aged > 5 years of age were dosed 1 mg every 2 minutes. “Subjects ages 30 days-5 years of age were

dosed 0.2 mg every 5 minutes until C_ . was > 200 ng/mL; subjects aged > 5 years of age were dosed 1 mg every 5 minutes until C__ was > 200 ng/mL.

CL and V1 were somewhat high with coefficients of variation
of 49.9% and 115%, respectively. This may be explained by
the wide range of weights of subjects enrolled in the clinical
trial (5—89 kg), or by the sampling scheme that resulted in PK
samples 3 clusters, rather than uniformly over 48 hours. The
simulation results of the VPC demonstrate that the model
captures the observed variability in the data well (Figure 2).

Our results are similar to a previous analysis of diazepam
that used more traditional PK parameter estimation meth-
ods. In an adult study of nine patients with epilepsy with
a mean weight of 66 kg, a two—compartment model was
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chosen to characterize the PKs of diazepam.28 The mean CL
estimate in this previously published study was 3.10 L/hour
(0.0469 L/hour/kg), which is similar to that from our final
model adult-scaled estimate for CL of 2.36 L/hour (0.034 L/
hour/kg).?® The mean Vg from this previously published
study was 61.1 L (0.916 L/kg), which is also comparable to
our final model estimate for Vgq (the sum of V, and V,) of
98.5 L (1.41 L/kg).2® Additionally, our final model population
estimates are also comparable to those reported in a non-
compartmental PK analysis of 11 children ages 6 months to
13 years with severe malaria given i.v. diazepam for seizures.



Investigators from this analysis reported a mean (95% con-
fidence interval) clearance of 0.044 L/hour/kg (0.024-0.062)
and a mean (95% confidence interval) Vg of 3.5 L/kg (1.3~
5.7), both of which are similar to our clearance estimates of
0.034 L/hour/kg and our Vg of 1.41 L/kg.?®

Our analysis did not identify any significant impact of organ
function or age on diazepam CL. In regard to organ function,
the vast majority of patients had normal liver and kidney
functions suggested by SCR, ALT, and AST values within the
normal range. Therefore, our dataset lacked a robust distri-
bution of these covariates needed for accurate modeling of
their effects on the model parameters. When these covari-
ate effects were estimated, the statistical significance was
driven by 3.4% (3/87) of our subjects, and the magnitude of
the effect was weak, likely due to the limited nhumber of sub-
jects with organ dysfunction. Regarding patient age, it has
been estimated that adult levels of CYP3A4 expression are
approached by 6-12 months of age, and CYP2C19 expres-
sion are approached by 2 years of age.'>%%3'" Because our
analysis includes only 2.3% (2/87) of subjects < 6 months of
age, it is likely that the vast majority of patients in this study
would have similar biotransformation capacity for hepatic
metabolism of diazepam as in adults.

There were no statistically significant relationships noted
between diazepam PK parameters or C_,, and the primary
efficacy or safety end points, which are in line with previ-
ous literature.’?>% The reason for the lack of a relationship
between diazepam PKs and efficacy end points remains
unclear. One possible explanation may be that current di-
azepam dosing recommendations achieve diazepam con-
centrations at the top of the exposure-response relationship.
Therefore, given the exposures achieved by the subjects in
our study, it is possible that other external factors, such as
primary diagnosis or comorbidities, may drive efficacy and
safety end points rather than exposure. A second explana-
tion might be related to the active metabolites of diazepam,
which may correlate with safety and efficacy measures, but
were not quantified in our analysis.s‘10 However, previous
research investigating the effect of diazepam’s major me-
tabolite desmethyldiazepam suggested that due to the slow
rate of formation, diazepam’s metabolites are unlikely to
contribute significantly to the pharmacologic effect of diaz-
epam during acute treatment.®® Additionally, given that only
12 subjects experienced the primary safety outcomes, it is
likely that our analysis was underpowered to detect a rela-
tionship between diazepam PKs and respiratory depression.

Monte Carlo simulations showed that compared to ei-
ther product label recommended dose, the study dose of
0.2 mg/kg (8 mg maximum) resulted in a greater percentage
of simulated patients exceeding the minimal therapeutic con-
centration of 200 ng/mL at 10 minutes after a single dose.
Importantly, no simulated concentrations based on the study
dose group were predicted to exceed 2,000 ng/mL, which is
considered to be the toxic range in adults.3* Therefore, it is
possible that an initial weight-based dosing of 0.2 mg/kg may
improve seizure control without compromising safety. This
may be beneficial in older and heavier children whose product
label recommended absolute doses are less likely to achieve
exposures of > 200 ng/mL. Our multiple-dose simulation re-
sults support this, as the percent of subjects > 13 years of age
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with predicted concentrations > 200 ng/mL was higher for the
weight-based study dose (54%) compared with the product
label high dose (43%) and the product label low dose (18%).
This is consistent with the findings from the diazepam arm
of the original clinical trial, which demonstrated a high rate
of primary efficacy of 69.2% (9/13) in patients > 13 years of
age, which was similar to the overall rate of primary efficacy
of 72.1% (101/140). However, the implementation of weight-
based dosing of diazepam should be done with caution, given
that the high-stress environment of the ED where SE is treated
may increase the risk of medication errors.®

Although this is the first population PK model of diazepam
in children with SE, our analysis has several limitations. As
mentioned previously, the patient population evaluated in
this study did not include a large percentage of children with
renal insufficiency, liver impairment, or children < 6 months
old. Therefore, application of our final population PK model
in these patients is an extrapolation, and may not be ap-
propriate. Furthermore, our simulations were performed in a
virtual population of subjects with identical demographics of
children in our study. Due to the higher incidence of pediatric
SE in children < 5 years of age, the distribution of ages and
weights are skewed toward younger individuals where SE is
much more common (Figure S2). Therefore, our results are
more representative of the true population of pediatric sub-
jects presenting with SE, rather than a uniform distribution of
age and weights. Second, the half-life of diazepam has pre-
viously been estimated as 13-18 hours in similar pediatric
populations.'®?® Given the limited number of concentrations
drawn beyond 24 hours, our sampling scheme may not be
ideal for characterizing the PKs of diazepam, and thus, the
model may not predict accumulation with repeated admin-
istration with high accuracy. Further PK sampling was not
feasible in this setting as most subjects are discharged from
the hospital after 1-2 days of observation. A third limitation
pertains to the bioanalysis of diazepam, which is described
in Supplementary Information S1. Plasma diazepam con-
centrations were quantified after samples were stored at
—70°C for up to 4 years; however, long-term stability data
have only been established up to 1,044 days (unpublished
data). Despite this, the diazepam concentrations we ob-
served in this study are very similar to those of previously
published literature in both children and adults receiving
similar weight-based dosing.?*?® Furthermore, neither un-
bound diazepam nor its metabolites were quantified in our
analysis, and the therapeutic range chosen has not been
prospectively evaluated in children, both of which may limit
the pharmacodynamic assessment. Other limitations of this
study were that the underlying etiology of SE for each pa-
tient was not reported, and clinical criteria were used to de-
termine SE termination, which is consistent with methods
from previous studies.?36-

In summary, a two-compartment population PK model
accounting for size-based differences using allometrically
scaled WT characterized diazepam disposition in children
with SE, and no significant relationships were noted between
diazepam PK parameters and the primary efficacy or safety
end points. Monte Carlo simulations demonstrated that,
compared with the product label recommended diazepam
dose, the study dose of 0.2 mg/kg (maximum 8 mg) resulted
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in a higher percentage of simulated patients exceeding the
commonly accepted therapeutic range of 200-600 ng/mL at
10 minutes after dosing. Future clinical pharmacology stud-
ies of diazepam should be performed to better character-
ize the therapeutic range of diazepam for safe and effective
treatment of pediatric SE. Additionally, these studies should
include both neonates as well as children with organ dys-
function to better inform the effects of organ maturation and
dysfunction on diazepam PKs.

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology
(www.psp-journal.com).

Figure S1. Visual predictive check results stratified by age from final
population PK model.

Figure S2. Histograms of age and weight of the subjects use in dosing
simulations.

Table S1. Covariate model-testing process.

CGode S1. NONMEM code for final population PK model describing diaz-
epam in children with SE.

Supplementary Information S1. PK sample collection and bioanalyti-
cal assay methods description.
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